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INTRODUCTION
The Advanced Reactor Technologies (ART) Graphite Research and Development Program is conducting extensive graphite-oxidation experiments, both chronic and acute, to provide oxidationbehavior data to assist in predicting graphite-component performance in high-temperature reactor (HTR) applications. In past applications, graphite has been used effectively as a structural and moderating material in both research and commercial high-temperature gas-cooled reactor designs. [1, 2] Nuclear graphite H-451, used previously in the United States for commercial nuclear reactor graphite components, is no longer available. New nuclear-graphite grades have been developed and are considered suitable candidates for new HTR designs. To support the design and licensing of HTR core components within a commercial reactor, a complete properties database must be developed for these current grades of graphite. Quantitative data on in-service material performance are required for the physical, mechanical, and thermal properties of each graphite grade, with a specific emphasis on data accounting for the oxidation behavior and rates of oxidation to assist in determining the changes to the structural integrity of graphite core components. Further details on the research and development activities and associated rationale required to qualify nuclear-grade graphite for use within an HTR are documented in the graphite-technology research and development plan. [3] This report specifically addresses relatively rapid acute oxidation degradation behavior of nuclear graphite and is directly applicable to American Society of Mechanical Engineers (ASME)-code development activities as well as future HTR license applications requiring this information.
The graphite-moderated HTR design provides a much higher outlet-temperature option than conventional water reactors, making it attractive as a high-temperature heat source for industrial manufacturing processes, hydrogen production, or electricity generation at high efficiency. [4, 5, 6] While the HTR design is capable of operating safely at these high temperatures (400-1000°C outlet) graphite is innately a carbon-based material that can suffer rapid oxidation and subsequent loss of strength when exposed to oxidizing conditions, such as an air-ingress accident. To ascertain the extent of damage to the core integrity for these passively safe, gas-cooled high-temperature designs, the changes in mechanical strength to the graphite must be determined for a variety of oxidizing conditions. The ASME Boiler Pressure Vessel Code (BPVC.III.5 2017), specifying requirements for using graphite components in nuclear applications, has acknowledged oxidation as a significant degradation issue and has identified that a potential reactor vendor must perform oxidation testing on each specific graphite grade to be used in the reactor core. [7] . Currently, ASME code specifies a maximum 10% massloss limit for any graphite component. Any component experiencing more than 10% mass loss is assumed to have zero strength and must be replaced. However, currently (in 2019) there are still unresolved issues surrounding these code requirements that must be clarified-issues such as how the weight loss is calculated (as percentage of core or individual components), whether the mass loss occurs from chronic or acute oxidation, and the actual (rather than assumed) strength loss to large components after a 10% mass loss. This acute-oxidation study is intended to provide direct data that can address these ASME code questions and to begin providing specific guidance to the ASME code committees, the Nuclear Regulatory Commission, and potential HTR designers.
Unique microstructural features within the specific graphite grades influence the macroscopic oxidation-reaction rate. Simply, the rate is dependent upon relative concentration of active sites [8, 9, 10, 11, 12, 13] within the graphite and transport efficiency, which is strongly influence by pore morphology and size. Both of these are unique to each graphite grade. [14, 15, 16, 17] These two microstructure-driven features result in grade-specific oxidation rates which have significant potential consequences for determining the degradation potential of graphite core components. Subsection HHA for nonmetallic components in the new Section III, Division 5 ASME code (ASME BPVC.III.5) requires any graphite grades used for HTR applications must undergo significant oxidation testing to determine grade-specific oxidation behavior. As a consequence, the licensing of new HTR designs will sustain an interest in graphite oxidation testing of the new graphite grades.
Historically, the rate of graphite oxidation is measurable at temperatures above 400°C and increases exponentially with temperature. [18, 19, 10] As discussed previously, the macroscopic oxidation rates for nuclear-graphite components are dictated by two primary phenomena: the intrinsic chemical kinetics of the reaction of graphite and oxygen (e.g., from either air or water ingress into the inert helium coolant) and transport rates of the reactants to, and products from, reaction sites [10, 20] . Generally, both the intrinsic kinetics, k, and the effective diffusivity, D eff , are dependent upon temperature according to the following relations:
which takes into account the influence of gradients of gaseous oxygen species and the intrinsic reaction rate on the macroscopic oxidation behavior.
The intrinsic oxidation reaction rate depends on the availability of active sites, which are the edges of the graphene sheets where the armchair and zigzag orientations of carbon atoms allow interaction with molecular oxygen to form reactive intermediates. At the crystallite level, this intrinsic oxidation is presumed to be a defining characteristic of the graphite crystal. However, at longer length scales where multiple crystallites reside in patterns of characteristic local orientation with respect to each other, the grade-dependent microstructure also influences local gas diffusion to varying degrees. Similarly, porosity naturally developed in a formed-graphite article depends upon both source feedstock materials and processing. [21, 22, 23] An American Society of Testing and Materials (ASTM) standardized test (ASTM D7542) has been developed for testing over the graphite-oxidation temperature range of 500-750°C. [21] Testing under the conditions specified by this standard is intended to ensure a controlled oxidation. Controlled oxidation is achieved by providing an abundant and uniform oxidation environment within the controlled temperature regime (i.e., 500-750°C) as described in Section 2, "Experimental." However, the oxidation conditions used for this study follow the intent of the ASTM D7542 standard, and the tests were modified to accommodate multiple specimens oxidizing under the same conditions rather than only one test specimen being oxidized at a time. While this modification allowed for much-faster oxidation testing, it was assumed that specimens were uniformly oxidized because the entire oxidation furnace was oversaturated with filtered air, providing the crucial parameters necessary for a controlled oxidation: abundant reactants (air) and temperatures between 500-750°C.
Finally, the data and information produced in this report and the referenced documents were generated under the approved ART quality assurance (QA) program in compliance with the appropriate NQA-1 requirements. It is anticipated that all data will be robust enough to stand up to a review by the Nuclear Regulatory Commission as support for a graphite-reactor design selection.
EXPERIMENTAL
The graphite grades used for this study, along with the sample description, experimental setup, oxidation environment, and procedures or standards used for testing the specimens are described below. The modifications to the oxidation furnaces were conducted to allow the oxidation-test environments to match controlled conditions as reasonably as possible. Details on the new apparatus to oxidize multiple specimens simultaneously are provided as well.
Specimen Information
Two nuclear-graphite grades with diverse raw materials, fabrication processes, and resulting microstructure were analyzed to assess grade-specific oxidation behavior. Grade IG-110 is a super-finegrain grade, fabricated from petroleum coke using an iso-molding fabrication process. NBG-18 was originally designed and fabricated for the South African Pebble Bed Modular Reactor (PBMR) and is a medium grain grade, fabricated from pitch (coal) coke using a vibrational molding processes. These grades and select nominal properties are listed in Table 1 . Due to the grain sizes used for each respective grade, IG-110 has a very fine pore structure while NBG-17 has a much larger pore microstructure. Generally, IG-110 has a much faster (~3×) acute oxidation rate than the NBG-18 grade in the kinetically controlled regime. Both grades represent distinctly different fabrication processes, raw materials, and microstructures that will provide a good comparison of oxidation behavior between the available nuclear-graphite grades.
Specimen Preparation
A total of 36 cylindrical samples were prepared from each grade, with dimensions of 25.4 mm diameter by 50.8 mm height. Thirty-one samples of each grade were then oxidized according to Table 2 while five specimens from each grade were left unoxidized. After oxidation, the specimens were mechanically tested in compression with the five unoxidized specimens for each grade providing the as-received (as-fabricated) mechanical-strength values. It should be noted that IG-430 was initially included in this sample matrix; however, these samples were mechanically tested without first trimming the oxidation from the ends of the samples, resulting in unexpected and potentially erroneous data that were deemed suspect. Consequently, the IG-430 oxidation and mechanical test results will not be included in this report. However, the erroneous IG-430 testing turned out to be crucial in determining that specimen trimming was necessary; this will be discussed in Section 2.4. Not all oxidized specimens were mechanically tested. One sample from each grade from the 650°C and 10% mass-loss testing condition was sectioned in order to perform optical image analysis on the interior microstructure of the specimens. Optical analysis allowed the oxidation-penetration depth to be estimated for each graphite grade. Results from this optical analysis will be discussed in Section 2.5.
The remaining 35 oxidized samples were then machined to remove 3 mm from both the top and bottom end of each specimen so as to remove the oxidation gradient and make them ready to be mechanically tested by flattening the ends of the samples. The samples were weighed, measured, and compression-tested per ASTM C695, "Standard Test Method for Compressive Strength of Carbon and Graphite." The as-tested weights and dimensional measurements are seen in Table 3 . The length values are the average of four evenly spaced measurements, and the diameter values are the average of two sets of measurements taken perpendicular to one another, with three evenly spaced measurements each. The mass loss values were calculated by using the average density of the unoxidized samples of the same grade and the initial machined diameter as follows:
where m is the current sample mass, h is the trimmed sample length, and ρ avg is the average density of the unoxidized samples of the same grade. 
Oxidation
Specimen oxidation was performed using a custom apparatus built at Idaho National Laboratory. The design is schematically illustrated in Figure 1 . The apparatus was designed to create a uniform flow of air over multiple specimens in compliance with ASTM D7542, "Standard Test Method for Air Oxidation of Carbon and Graphite in the Kinetic Regime." Instrument air flows through a porous, sintered quartz frit to provide a uniform plug airflow gas environment over all samples. Samples are held on a quartz "grill," which minimizes surface contact between the frit and the test samples with minimal airflow disturbance. All oxidation was carried out in model BF51894C-1 Linberg/Blue M Moldatherm box furnaces. Temperatures were measured using a Type K thermocouple, held ~5 cm from the graphite samples. Measured specimen temperatures for the 550, 650, and 750°C oxidation conditions were 546, 659, and 759°C, respectively. Air flowed over the samples at a rate of 10 standard liters per minute using an Alicat model MC-10SLPM-DI5M mass-flow controller. The incoming air was heated by flowing through a coil of tubing inside the furnace prior to entering the oxidation apparatus. 
Mechanical Testing
All mechanical testing was performed at room temperature on an Instron model 5582 electromechanical load frame using an Instron 63209 100 kN static load cell. All tests were performed using Instron Bluehill 3 software with a crosshead speed of 1 mm/min. ASTM test standard C695 was followed as closely as possible, with the following exceptions [24] :
• C695 requires a height-to-diameter ratio between 1.9 and 2.1. Samples had a height-to-diameter ratio between 1.75 and 1.8 after they were trimmed (discussed below).
• C695 requires all surfaces to have a surface finish visually comparable to 0.8 μm root mean square or better. Samples met this requirement on the ends of the cylinders after they were trimmed. Faces of the cylinders were left as-oxidized and did not meet this requirement.
Initial mechanical testing after oxidation was performed on grade IG-430 specimens. Initially, the ASTM C695 standard was followed explicitly, with the exception of surface finish, but the specimens demonstrated unexpected failure at the top and bottom edges during loading (Figure 2 ). These failures along the edges of the cylindrical specimens indicate that the material was failing within the loaded volume directly adjacent to the ends of the specimens, rather than transferring the entire applied stress evenly throughout the specimens as required in ASTM C695. Because the oxidation effects will be most damaging adjacent to the exposed surfaces, this indicated the graphite within this region had been weakened significantly and was failing (i.e., forming and propagating cracks) rather than transferring the applied stress uniformly throughout the specimen volume. The expected failure mode is the generation of multiple fractures along the shear planes inside the specimen, resulting in multiple catastrophic cracks propagating simultaneously yielding a more complete destruction of the sample. Additionally, failurestress values were highly variable and did not show any expected trend. This was believed to be caused by fractures propagating within the region of higher mass loss near the surface on the ends of the samples. To mitigate the effects of oxidation, a 3 mm-wide section was trimmed from each end of all mechanically tested samples to remove the layer of higher mass loss and leave a perfectly flat surface. This trimming procedure ensured the applied stress was distributed uniformly throughout the specimen interior, rather than propagating cracks within the local volume adjacent the cylinder edges. Sample trimming has been utilized previously with good results. [25] A representation of samples tested after trimming can be seen in Figure 3 . These samples show similar failures to unoxidized graphite, thus demonstrating that the applied stress has been distributed throughout the specimen volume. To verify that this issue was affecting mechanical testing, specimens of IG-430-both unoxidized and oxidized to 10% mass loss at 650°C-were tested against their trimmed counterparts for a preliminary verification of the effectiveness of trimming. The 650°C oxidizing condition is assumed to be the worstcase scenario, as discussed in Section 3. It is clear from Figure 4 that the trimmed specimens fail more uniformly than the as-oxidized specimens, and the failure stresses are closer to the expected values. Additionally, Figure 5 shows a comparison of the average maximum stress in both trimmed and previously tested specimens. The stress values for the trimmed specimens were normalized as the trimmed, unoxidized specimen stresses were slightly higher than the untrimmed, unoxidized specimens. Unfortunately, a majority of the IG-430 specimens had been mechanically tested before this issue was identified and addressed. As a consequence, the data for IG-430 graphite grade have been excluded from this report, but will be included in a future strength after oxidation study now that the trimming issues has been resolved.
Optical Analysis
Optical analysis was performed to ensure trimming removed the region of highest damage from the ends of the samples and to examine the radial penetration of oxidation into the samples. Samples were sectioned and polished prior to microscopy. The procedure for polishing is as follows, with the samples being cleaned using sonication in water between each step:
• Polishing down to 600 grit on SiC paper
• Polishing with 9 μm polycrystalline diamond on a nylon polishing cloth
• Polishing with 3 μm polycrystalline diamond on a nylon polishing cloth
• Polishing with 0.05 μm alumina on a neoprene polishing cloth.
Composite bright field images were captured with a Keyence VHX-6000 digital microscope. The image analysis consisted of converting the image to greyscale and then to a binary image by an automated, locally adaptive threshold segmentation implemented within the MATLAB image-processing toolbox. This methodology was used as a means of reducing the greyscale image to a binary array, where 1 represents a dark pixel (porosity and background), and 0 indicates a light pixel (graphite). The rows of the image are then summed to estimate how much of the image represents porosity. The vector of row sums is then plotted against the equivalent distance from the end of the sample. This process is illustrated in Figure 6 . This method is dependent on image quality and is not an accurate evaluation of total porosity; nevertheless, it is a good representation of the porosity gradient for images collected at identical conditions.
Trimming-depth evaluation analysis was performed on images of the center third of samples to investigate oxidation on the ends of the cylindrical samples and to neglect the oxidation on the cylinder surface. The results are seen in Figure 6 , along with the corresponding image. These figures verify the highest porosity region has been removed by trimming the ends by 3 mm. Only the 650°C case was examined because the lower temperature approaches uniform oxidation, but the higher temperature has a smaller penetration depth. Figure 6 . Optical analysis procedure.
Radial penetration-depth evaluation was performed on samples that had been prepared after mechanical testing. Samples were bisected along the axis to reveal a representative cross section. A defect-free portion of each cross section was evaluated and is presented in Section 3. 
RESULTS
Oxidation profiles from optical imaging, as well as mechanical test results for both the fine-and medium-grained graphite grades were analyzed for all oxidation conditions. All mechanically tested specimens had both ends trimmed by 3 mm to remove the majority of oxidation damage from the ends. Mechanical-failure stresses were recorded for all oxidation mass-loss levels for both graphite grades to ascertain the effects of oxidation on the residual strength in fine-and a medium-grained grades.
Mechanical Testing
Failure stress as a fraction of unoxidized failure stress (σ ox /σ unox ) is plotted against oxidized mass-loss percentage for all graphite specimens (Figure 7 Table 4 and Table 5 detail the mechanical test data for IG-110 and NBG-18 grades, respectively. The tables summarize the specimen dimensions, mass, oxidation temperature, and normalized strength at failure for each specimens. Normalized strength values are calculated as: Table 5 . NBG-18 tabular data.
IG-110
The fracture column captures how the specimens failed during compression testing. This methodology is used qualitatively to determine whether the specimen fails in an expected manner and whether failure trends may be attributed to oxidation behavior. Failure behavior is designated into one of four categories, with the fourth category indicating a non-specific, general failure behavior. The four categories are defined as follows: 
NBG-18
Category 1. Fracture initiates at the surface of the long axis from tensile forces as the outer material surfaces are strained, resulting in the loss of a wedge-shaped component from the specimen side. Ends often remain intact, and specimen may or may not be completely severed. This is known as a beltline fracture.
Category 2. Shear fracture with the major failure surface lying 55-65 degrees from the specimen ends.
Fractures that fit this description but do not lie between 55 and 65 degrees should be listed under Category 4, with the failure angle estimated to the nearest 5 degrees.
Category 3. Fracture surface has a large portion lying parallel to the applied force (long axis direction). It will also regularly contain a shear-fracture component, but the cleavage surface contains at least 50% of the overall specimen height. This is known as a cleavage fracture.
Category 4. Any fracture condition not described by the other categories (i.e., specimen brittle fracture that leaves few major portions that can be classified) or a shear fracture that does not lie between 55° and 65°.
Examples of each fracture category are seen below in Figure 8 . Figure 9 . Examples of fracture behavior categories.
Image Analysis
The radial porosity profiles generated after oxidation for a sample of each grade at each oxidation temperature are shown in Figure 9 and Figure 10 . As discussed previously, the low-temperature oxidation is expected to be uniform, kinetically controlled oxidation providing a low reaction rate and, thus, a high penetration depth into the graphite microstructure. High-temperature diffusion-controlled oxidation provides a high reaction rate where the outer layers of graphite are oxidized rapidly, and only limited penetration into the microstructure is possible. This oxidation behavior has been described as the shrinking-core model.
It can be seen that 550°C oxidation demonstrates fairly uniform porosity, with no real visible line of penetration depth, verifying uniform oxidation throughout the entire graphite microstructure. Conversely, the 750°C oxidation demonstrates a very small penetration-depth profile with minimal oxidation occurring in the center of the samples, verifying the rapid diffusion controlled oxidation. The 650°C middle temperature demonstrates an intermediate behavior, having a gradual porosity profile, but also a significant damaged layer near the surface of the samples. The image analysis results align closely with expectations and allow for better interpretation of the mechanical testing results. 
DISCUSSION
The graphite oxidation and post-oxidation mechanical data are herein discussed. These results are compared to the observations from optical image analysis for all oxidation temperatures tested.
Trends in Strength vs Oxidation Data
As expected, mechanical strength decreased with oxidation of graphite specimens at all temperatures. However, many previous studies have largely ignored or found no effect of oxidation temperature on graphite strength [26, 27, 28, 29, 30] , leaving a need for understanding the effect of oxidation temperature on failure stress. As seen in Figure 7 , several interesting mechanical behaviors are noted; the 750°C conditions have the highest retained failure stress. The decrease in failure stress from 5% to 10% mass loss at a given temperature is very similar between grades with the exception of the 650°C condition. The trends between graphite grades are very different.
Effects of High-and Low-temperature Oxidation
From Figure 7 , generally all specimens oxidized at the highest temperature (750°C), and the most aggressive oxidation condition, yield higher failure stress values than specimens oxidized at the lower temperatures. Only NBG-18 specimens oxidized at 550°C to 3-4% mass loss display similar strength levels, but the strength reduces rapidly as the mass loss increases, so that by 10% mass loss, the 550°C oxidized specimens are considerably weaker than the specimens oxidized at 750°C. This is explained by the oxidation behavior. At 750°C the reaction between carbon and oxygen is much faster than the rate of transport of oxygen into the graphite microstructure, resulting in oxidation occurring primarily in a thin layer near the surface, leaving the bulk of the graphite relatively intact. This results in an effective shrinking of the sample, with little internal damage. Note, the thin oxidized layer on the surface of the graphite still reduces specimen-diameter dimensions, resulting in an overall loss of mechanical strength, as observed. Additionally, optical analysis observed the development of surface irregularities, which may result in stress-concentration points, leading to regions of high stress as well as a small amount of oxygen still penetrating into the graphite microstructure and causing some internal damage. [10, 31] The converse is observed for the low-temperature oxidized specimens, which demonstrate lower strength values for all specimens, again except for NBG-18 specimens oxidized at 550°C. At 550°C, the reaction between carbon and oxygen is much slower than the rate of transport of oxygen into the graphite microstructure, resulting in the majority of the oxidation occurring within the interior of the specimen. Thus, while the outer surface of the specimens remains relatively intact (unlike the specimens oxidized at 750°C), the entire interior microstructure of the specimen has been damaged by oxidation. This internal oxidation damage throughout the entire specimen results in much lower failure stress levels than is generally observed for the higher-temperature oxidation conditions. The high-temperature oxidation occurs in the diffusion-limited regime, where the samples are effectively shrinking with little internal damage. Low-temperature oxidation occurs in the kinetically controlled regime, where the oxidation is close to uniform throughout the sample. [10] However, oxidation at 650°C is within the transition-temperature regime (between mostly diffusion-controlled and kineticcontrolled oxidation). It is observed that different grades oxidized within this transition regime will react differently, depending upon the specimen's microstructure. Because oxidation behavior is microstructure dependent, the oxidation behavior for each grade at these intermediate temperatures can vary, with one exhibiting more diffusion-controlled behavior and another showing more kinetic-controlled behavior. Thus, the oxidation regimes causing different penetration depths, different porosity gradients, and different failure stress are dependent upon the unique graphite-grade microstructure. This explains the different failure stress results seen in Figure 7 for the NBG-18 specimens oxidized at 650°C. Mechanical test results for 650°C NBG-18 specimen are closer to the behavior observed for high temperature (750°C) specimens; i.e., they exhibit a diffusion-controlled behavior, quite different from the 650°C oxidized IG-110, which clearly shows results closer to the kinetic-controlled results of the 550°C oxidized IG-110 specimens.
Differences Between Grades
It is seen both in the strength values in Figure 7 and oxidation profile plots in Figure 9 and Figure 10 , that oxidation occurs much differently between the two grades. This is most easily observed under the 650°C conditions. The difference in tested strength values can be attributed to the difference in oxygen penetration depth within the microstructure. Many factors affect oxygen penetration including sample size, geometry, and of course microstructure. [10] Characteristic concentration profiles for oxygen in graphite for various temperatures can be seen below in Figure 11 .
The microstructural difference between grades is the largest factor in oxidation behavior. From previous oxidation studies, IG-110 has demonstrated a much higher effective diffusion coefficient than NBG-18, [17] which means oxygen can more easily penetrate the graphite. NBG-18 has a higher overall density, larger grain size, and a lower open-pore density than IG-110, which may significantly affect the differences between oxidation-penetration depths at a given temperature. [9] Together, these microstructural differences can be attributed to the difference in oxidation profile and the resultant difference in failure-load decrease between the two grades. 
Application of Results
While the results from this work are geometry dependent, and not directly scalable to larger components, they nevertheless contain vital information for reactor designers. This study clearly demonstrates that residual strength of graphite after oxidation does not depend solely on mass loss, but also on oxidation temperature and oxidant availability. Figure 7 shows that at 10% mass loss, a graphite grade can lose 15-50% (or more) of its as-fabricated strength, depending on the temperature to which it is exposed during oxidation.
Current ASME code assumes zero strength at 10% mass loss, regardless of oxidation temperature. [7] Clearly, this is too conservative and should be addressed within the ASME code-development activities. This conclusion is especially valid with respect to the large components expected to be used within a new HTR core design. ASME code must address the penetration depth and variable strength issues that have been raised within this study. Finally, this study illustrates that further work is also necessary in calculating where the oxidation actually occurs within an HTR core. As stated, the current 2017 ASME code directs that any component suffering from a maximum of 10% mass loss must be considered to have no mechanical strength. However, no guidance on how the mass loss should be achieved is provided. Because this work shows that the oxidation temperature is critical to determining residual strength within oxidized components, consideration as to where the oxidation might occur must be addressed. For example, if oxidation only occurs within the hottest region of the core, and the oxidation is assumed to be diffusion-controlled, then the structural integrity of the core components will be calculated differently from components suffering oxidation at lower temperatures outside of this central hot core zone.
CONCLUSIONS
Several interesting results have been observed with this study both in oxidation behavior and the effects on mechanical strength. Differences attributed to oxidation temperature, graphite microstructures, and pore microstructures. The major conclusions are summarized as:
1. The mechanical strength decreased with oxidation of the graphite specimens at all temperatures.
2. However, the strength changes tended to vary due to oxidation temperature. The general trends noted for oxidation temperature variations are:
a. Specimens oxidized at the highest temperature (750°C) and most aggressive oxidation condition yield higher failure-stress values than specimens oxidized to similar mass loss levels at lower temperatures. b. Specimens oxidized at the lowest temperature (550°C) demonstrated lower strength values than specimens oxidized to similar mass-loss levels at the highest temperatures. c. Specimens oxidized at 650°C showed a mixed behavior, with the medium-grained grade (NBG-18) showing lower failure-stress values than their counterpart 550°C specimens and the fine-grained grade (IG-110) demonstrating higher strength values than did 550°C specimens. d. It was assumed that this difference occurs because 650°C conditions are within the transitiontemperature regime and the oxidation behavior is extremely dependent upon the unique microstructures expected from each grade. e. Depending upon the microstructure the oxidation behavior can behave more like hightemperature (i.e., diffusion-controlled) or low-temperature (kinetic-controlled) oxidation. 3. Oxidation and strength changes behave differently between the two grades. As explained in the 650°C oxidation conditions, this is attributed to the difference in oxygen-penetration depth within the unique graphite microstructure.
4. Optical-image results inform and confirm the influence that unique graphite microstructure has on the effects of oxidation.
a. From optical image analysis of oxidized specimens, it can be seen that the 550°C oxidation demonstrates fairly uniform porosity, with no visible line of penetration depth, verifying uniform oxidation throughout the entire graphite microstructure. b. Conversely, the 750°C oxidation demonstrates a very small penetration-depth profile, with minimal oxidation occurring in the center of the samples, verifying the rapid diffusion-controlled oxidation. c. The 650°C middle temperature demonstrates an intermediate behavior, having a gradual porosity profile but also a significantly damaged layer near the surface of the samples. 5. Current ASME code assumes zero strength at 10% mass loss regardless of oxidation temperature.
Clearly, this is too conservative and should be addressed within the ASME code development activities.
